Using FORS2 on the Very Large Telescope, we have astrometrically monitored over a period of two months the two components of the brown dwarf system WISE J104915.57-531906.1, the closest one to the Sun. Our astrometric measurements -with a relative precision at the milli-arcsecond scale -allow us to detect the orbital motion and derive more precisely the parallax of the system, leading to a distance of 2.020±0.019 pc. The relative orbital motion of the two objects is found to be perturbed, which leads us to suspect the presence of a substellar companion around one of the two components. We also perform VRIz photometry of both components and compare with models. We confirm the flux reversal of the T dwarf.
Introduction
Very recently, Luhman (2013) identified WISE J104915.57-531906.1 (hereafter Luhman 16AB, to follow the nomenclature of Burgasser et al. 2013) , as a very red binary star with an incredibly high proper motion of ∼ 3 /yr and a distance of ∼ 2 pc, making it the third closest system to the Sun, after α Cen and Barnard's star. The two objects in Luhman 16AB are separated by 1.5 , with the primary being a brown dwarf (BD) of spectral type L8.
In Kniazev et al. (2013) , we reported comprehensive followup observations of this newly detected system, confirming the spectral types of both BDs (L8±1, T1±2) and, based on the small relative radial velocity of the two components, confirmed that they form a gravitationally bound system. Our JHK S photometry yields colours consistent with the spectroscopically derived spectral types, while a comparison of the apparent magnitudes with models leads to a distance of ∼ 2.25 pc, in agreement with the parallax of Luhman (2013) . The available kinematic and photometric information exclude the possibility that the object may belong to any of the known nearby young moving groups nor associations. For the given spectral types and absolute magnitudes, 1 Gyr theoretical models -DUSTY (Baraffe et al. 2002) and BTSettl (Allard et al. 2011 ) -predict masses of 0.04-0.05 M for the primary, and 0.03-0.05 M for the secondary. The objects remain in the sub-stellar regime even if they are 10 Gyr old. Gillon et al. (2013 , see also Biller et al. 2013 ) reported complex quasi-periodic (4.87 h) near-infrared photometric variabilBased on data obtained with the ESO Very Large Telescope under programme 291.C-5004.
Senior Research Associate, F.R.S.-FNRS, Belgium ity at ∼0.1 mag level, which they associate with the rotation of the secondary. They did not detect any transit during their 12 night monitoring. Burgasser, Sheppard, & Luhman (2013) also reported resolved near-infrared spectroscopy and photometry of Luhman 16AB, which reveal strong H 2 O and CO absorption features in the spectra of both components, the secondary also showing weak CH 4 absorption. They found the system to exhibit a "flux reversal", that is, the T dwarf secondary appears brighter in the 0.9 − 1.3 µm wavelength range but is fainter at shorter wavelengths.
In this paper, we present further imaging observations of the individual components of Luhman 16AB, with the aim to start a long term astrometric campaign, that should lead to a more definitive parallax and the orbit of the system. Based on GMOS observations and additional archival data from DSS, DENIS, and 2MASS, Luhman (2013) ended up with a set of six positions over 23 years yielding a parallax ( ) of 496 ± 37 mas. He also obtained −2 759 ± 6 and 354 ± 6 mas yr −1 , respectively, for the proper motion µ α * (= µ α cos δ) and µ δ . In a note on astro-ph, Mamajek (2013) compiled some older positions from the ESO Schmidt red and GSC 2.3 catalogues. Using these additional points, we obtain a revised parallax of = 514 ± 26 mas.
Observations and data reduction
Over a period of two months starting mid-April 2013, Luhman 16AB was observed with the FORS2 multi-purpose optical instrument (Appenzeller et al. 1998) two chips, separated by a gap of 10.8 . Luhman 16AB lies in the upper chip (CHIP1) and in this study we have only used stars on this chip to avoid introducing the additional misalignment between the two chips.
Observations were made using the I-band filter (I_BESS+77) on 12 epochs over the period from 14 April to 22 June 2013, with each epoch generally separated by 5 or 6 days. For each epoch, at least 21 images were taken (although not all were used, see below). The exposure time ranged from 15 to 60 seconds, and the seeing was always better than 1.2 , ensuring that the two components of the binary system were always well separated. Observations were done only when the object was at airmass below ∼1.2. A detailed log of the observations is provided in the online Table 3 , while a typical image is shown in online Fig. 2 .
The individual images of a single night were stacked together by minimising the scatter in ∆α * = ∆α cos δ and ∆δ for every source, where as usual, α and δ are the right ascension and the declination, respectively. The sample of images was limited to those where the two components of Luhman 16AB were resolved and measured. On each night, a reference image was adopted and the median of the shift derived for all sources but Luhman 16AB was determined. The resulting uncertainty on the positions, between 2 and 10 mas (see the values σ α * and σ δ in the online Table 3 ), was computed as the standard deviation of the 5 th -95 th percentiles of the stacked positions. The same procedure was then applied to every night relative to the first one. The ICRS coordinates were finally restored by measuring the position of one star in one of these images.
The accuracy of such a stacking procedure heavily relies upon a key assumption: no other point source on the field of view is moving over the two month observation campaign. Point source here means a single star with a noticeable parallax and/or proper motion or a binary (unresolved or with only one component visible) with a significant orbital motion. At the 5-mas level, no disturbing point source is present in the field of view, thus making the stacked image pretty robust.
In addition to our astrometric monitoring in the I-band, we have also obtained on 16 June 2013, images of Luhman 16AB with FORS2 in the V, R and z bands, with the v_HIGH, R_SPECIAL and z_GUNN filters, and with exposure times of 480, 120 and 5 seconds, respectively. The resulting images are also shown in online Fig. 2. 
Astrometric models
Two sets of observations are available: the absolute positions of the photocentre over 23 years from archival data and the absolute positions of both components over our two month monitoring. Even if the latter are much more precise, a campaign of two months is too short to derive either the parallax or the proper motion. They can nevertheless be combined with the older data to improve the precision of the fundamental astrometric parameters which constrain the size and orientation of the orbit. On the other hand, the positions of the two components can be changed into relative positions of one component with respect to the other, thus removing the effect of the parallax and proper motion and keeping the orbital parameters only.
Two-body orbital model
The motion of a resolved binary is fully described by the motion of its barycentre (position, parallax, and proper motion) and the orbital motion of each component around it (Binnendijk 1960) . The two orbits only differ by their size and the argument of the periastron, 180
• apart. Thirteen parameters are thus required. However, a careful selection of these parameters can make the fitting procedure much more straightforward. For instance, adopting the Thiele-Innes parameters for, say, the primary make nine parameters appear linearly, instead of only five with the Campbell orbital elements (e.g. Pourbaix & Boffin 2003) . With the orbit of the primary setting up the unit, the orbit of the secondary is just its scaled image, the scaling factor (ρ) lying between 0 and +∞. In practice, a grid search was used for the remaining four nonlinear parameters.
Even if every step leading to the stacked image was performed very thoroughly, the transformation of the relative positions into the absolute ones relies upon one direct measurement only, thus making it the single point of failure. In order to restore some robustness, two linear parameters (o α * and o δ ) are therefore added to cope with some misalignment between the old and new dataset. The resulting model is therefore given by:
for the primary,
for the secondary, and
for the barycentre. f a and f d denote the parallactic factors (Kovalevsky & Seidelmann 2004) , ξ = α cos δ, and η = δ. Luhman (2013) assumed that, on the old plates, the measured photocentre matches the epoch barycentre. As the exact orbit is not available yet, one cannot say how wrong that assumption is. During our observation campaign, the offset of the photocentre with respect to the barycentre would range from 40 mas in I to 100 mas in V. The resulting least-squares fit (with a grid for the few non-linear parameters) is illustrated on Fig. 1. 
Quadratic approximation
Even if two components exhibit a relative motion which prevents them from being fully described by two single star solutions (sharing a common parallax and proper motion), that relative motion is so small that using the full orbital model from the previous section to describe it is simply an overkill as it offers too much freedom with respect to the number of data points available to constrain the parameters of the model. For an orbital period long enough, over an observation campaign of two months, both ∆ξ and ∆η can be modeled with an arc of parabola without biasing any conclusion with respect to the true orbital Keplerian model. Over the full orbital model, this quadratic one also offers the advantage of being linear, thus yielding a straightforward unique least-squares solution.
The validity of such a simplification was assessed through a large scale Monte-Carlo simulation. Five million orbits were generated (random orientation, period normally distributed around 20 years). For all of them, twelve positions were derived for the same dates as the actual observations and a likely noise added. At the 3σ-level, no quadratic fit was distinguishable from the genuine orbital one. 495 ± 4.6 496 ± 37 µ α * (mas yr −1 ) −2 763 ± 2.7 −2 759 ± 6 µ δ (mas yr −1 ) 363 ± 4.1 354 ± 6
Results
The results of the least square fit of the absolute positions (i.e. model from Sec. 3.1) from Luhman (2013), Mamajek (2013) , and FORS2 are given in Table 1 and plotted on Fig. 1a . The contribution of the primary to the χ 2 is 20% larger than the secondary, thus suggesting that a companion might be present around the former, making it oscillate.
The parabolic least-square fit of the relative positions is more difficult to assess. Both ∆α * and ∆δ are fitted with distinct parabolae (Fig. 1b) . The larger χ 2 is then used to derive the probability of rejecting the parabola (i.e. a two-body model) by accident even though it holds. Whereas, for a single parabola, such a probability is tabulated and directly available, we relied upon extensive Monte-Carlo simulations to quantify the effect of taking the larger of the two χ 2 rather than just one. The probability of rejecting the parabola by accident turns out to be 12.95%. This sole value is too large to draw any definitive conclusion.
On the other hand, the residuals of the parabolic fit are highly correlated (Pearson's r = 0.95; Fig. 1c ). In our Monte-Carlo simulation of genuine binaries, such a high correlation between the residuals is obtained for 0.002% of the systems only. There is therefore a strong pressure for rejecting the basic two-body model.
Photometry of the components
Using our FORS2 observations, we have also estimated the magnitudes of the two components of Luhman 16AB in the V, R, I, and z bands (Table 2) . PSF photometry was done with DAOPHOT, using the FORS2 standards E5 and LTT4816. They clearly confirm the flux reversal mentioned by Burgasser et al. (2013) as the T dwarf becomes the brightest of the two in the z-band. A comparison between our photometry and the most recent models from the Lyon group (BT-Settl; Allard et al. 2011 ) is shown in online Fig. 3 , where we use the effective temperatures as derived by Kniazev et al. (2013) . To convert to absolute magnitudes we use the distance of 2.02 ± 0.02 pc established in this work, while the error bars reflect uncertainties in effective temperatures, distance modulus and photometry. The model isochrones are plotted for 0.1, 1.0 and 5 Gyrs 1 . Due to their intrinsic faintness in the optical, late L, and T dwarfs have mostly been studied in the near-infrared. Consequently, there are very few works available for a comprehensive comparison of the optical photometry with models, and with our photometry as well. Dahn et al. (2002) published optical VRI photometry and colours for 28 ultracool dwarfs with distances known from parallax measurements. Their sample contains 17 L-dwarfs and three T-dwarf, but only five of them have spectral type L8 or later. The resulting absolute I-band magnitude, M I , from their work is ∼ 19 for L8, and ∼19.5 for T2, and while in the R-band it is ∼ 21.7, in agreement with our results for Luhman 16AB. Dobbie et al. (2002) also find M I ∼19 for the spectral type L8. The age of Luhman 16AB has been constrained to be less than about 4.5 Gyrs, based on the presence of the lithium line, while from the absence of low surface gravity indicators in the spectra, it is clear that the system is not young (Burgasser et al. 2013) . We therefore expect the 1.5 Gyr isochrones to be the most suitable for comparison. The model isochrones seem to overestimate the flux at the L/T transition in RIz, and somewhat underestimate it in the V.
Discussion
The FORS2 data, once combined with the data of Luhman (2013) and Mamajek (2013) , yield a significant improvement of the precision of the parallax derived by Luhman (2013). Yet, the FORS2 positions alone indicate that a two-body system is very unlikely whereas an additional companion would explain the observed wobbles. Such a companion must have a mass lower than the brown dwarfs in the system, because i) it would otherwise have been seen in direct imaging or spectroscopy, and ii) a system with two equal mass brown dwarfs would not be detected as there would be no motion of the photocentre. A 10 M Jup object in orbit of the primary component of Luhman 16AB, which for simplicity we will assume has a mass of 0.05 M , will have a maximum separation on sky of 0.06 to 0.19 arcsec, for an orbital period between 2 months and 1 year, respectively. If we assume such a companion has a negligible luminosity compared to Luhman 16A, it will induce an astrometric signal between 10 and 32 mas, depending on the orbital period. One could think that a more massive companion would lead to a larger astrometric signal, but this is not necessarily the case, as such companion would now contribute light to the combined system and although the barycentre may change more, the photocentre -which is what we detect -would not. Assuming that the luminosity of a BD scales as the square of its mass (e.g. Burrows & Liebert 1993) , we find that a 20 M Jup induces a changes of the barycentre between 20 and 60 mas, but a change of the photocentre between 10 and 30 mas. A more massive companion would lead to even smaller motions of the photocentre. On the other hand, a much smaller companion, e.g. 3 M Jup , would lead to a maximum motion of 10 mas for a period of 1 year. Although it is still too early to be able to characterise the possible companion, it seems likely that it has a mass between a few and ∼30 Jupiter masses, but the latter could then be discovered by adaptive optics, given the expected separation on the sky. At the least, the above discussion shows that the presence of such a companion is compatible with our astrometric signal.
If this companion would have a planetary mass (below the deuterium burning limit), this would be the first exoplanet around a brown dwarf discovered by astrometry, and possibly the closest exoplanet to the Sun (given that the one about α Cen B is still debated; Hatzes 2013). Until now, only eight planets are known around brown dwarfs (http://exoplanet.eu) and they were found via microlensing and direct imaging. Microlensing allows finding a close-in population of planets (0.2-0.9 AU; see, for a summary, Han et al. 2013) . These are likely to have formed in a protoplanetary disc. They do show larger planet-tohost mass ratio than the imaging discovered planets but nothing is known about the physical nature of these planetary mass companions due to the large distances of those systems that makes the follow-up studies impossible. On the contrary, the imaging method finds only massive planetary-mass companions at large distance (tens or even several hundreds of AU) from their host star. These systems resemble more binary sub-stellar systems than planetary systems because the planetary mass companions could not have formed from a proto-planetary disc but rather during the collapse and fragmentation of a proto-stellar/proto-BD molecular cloud (Jayawardhana & Ivanov 2006) . If this tells us that planets do form around brown dwarfs, the short period range is still unexplored, and Luhman 16AB provides us with a unique opportunity to probe it. We also note that planets inside binary systems are not unheard of and, for example, Roell et al. (2012) identifies 57 exoplanet host stars with stellar companions. In the last years, imaging campaigns found stellar companions around several dozen exoplanet host stars formerly believed to be single stars (see e.g. Raghavan et al. 2006; Mugrauer & Neuhäuser 2009 ). Most of these exoplanet candidates are in the S-type orbit configuration, with the exoplanet surrounding one stellar component of the binary. As is well known, multiple systems are stable only if they are hierarchical, with period ratios exceeding 10 (see e.g. Cuntz 2013 and references therein). As companion we tentatively detect has likely a period of a few months only (as otherwise, we wouldn't have been able to detect it in our twomonth monitoring), while the orbital period of Luhman 16AB is of the order of 25 years Kniazev et al. (2013) , this is certainly the case here. Finally, we note that if one of the two brown dwarfs in Luhman 16AB has indeed a substellar companion in close orbit, it should lead to a radial velocity change of the order of 3-5 km/s. This assumes that the companion's orbit around the brown dwarf is seen edge-on. As our astrometric measurements seem to tentatively indicate that components A and B of Luhman 16AB are in an almost edge-on orbit, this seems a reasonable assumption for the orbit of the third component. We therefore encourage high precision radial velocity monitoring of the system on short time scales. 
